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Abstract

Approximately 100,000 sq. km of the High Plains of the central United States are covered

by sand dunes and sand sheets deposited during the Holocene. Soil-dating evidence

shows that there were at least four periods of dune reactivation during major droughts in

the last 10,000 years. The dunes in this region are anchored by vegetation. We have

undertaken a study of land-use change in the High Plains from 1985 to the present using

Landsat 5 TM and Landsat 7 ETM+ images to map variation in vegetation cover during

wet and dry years. Mapping vegetation cover of less than 20% is important in modeling

potential surface reactivation since at this level the vegetation no longer sufficiently

shields sandy surfaces from movement by wind.

Landsat TM data have both the spatial resolution and temporal coverage to facilitate

vegetation cover analysis for model development and verification. However, there is still

the question of how accurate TM data are for the measurement of both growing and

senescent vegetation in arid and semi-arid regions. AVIRIS provides both high spectral

resolution as well as high signal-to-noise ratio and can be used to test the accuracy of

Landsat TM and ETM+ data. We have analyzed data from AVIRIS flown nearly

concurrently with a Landsat 7 overpass. The comparison between an AVIRIS image

swath of 11 km width subtending a 30 ° angle and the same area covered by a 0.8 ° angle

from Landsat required accounting for the BRDF. A normalization technique using the

ratio of the reflectances from registered AVIRIS and Landsat data proved superior to the

techniques of column averaging on AVIRIS data alone published previously by Kennedy

et al (1997). This technique can be applied to aircraft data coveting a wider swath angle

than AVIRIS to develop BRDF responses for a wide variety of surfaces more efficiently

than from ground measurements.
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Introduction

Approximately 100,000 sq. km of the High Plains of the central United States are covered

by sand dunes and sand sheets, deposited since the end of the last ice age. In the last

10,000 years, soil dating evidence shows that there were episodic droughts leading to

reactivation of sandy soil surfaces, the last of which was approximately 900 years ago

(Ahlbrandt et al., 1983; Forman et al, 1992; Muhs et al., 1996). In many areas the sands

are dry-farmed for wheat, corn, sorghum and sunflowers. Other areas are used as

rangeland. We have undertaken a study of land-use change in the High Plains from 1985

to the present using Landsat 5 TM and Landsat 7 ETM+ images to map variation in

vegetation cover during wet and dry years.

The Holocene dunes and sand sheets in the High Plains are currently stabilized by

vegetation that reduces surface wind velocities below that required for saltation

(Ahlbrandt, 1983). On the High Plains, wind velocities often exceed the 4.8 m/s

necessary to initiate movement of bare sandy surfaces. When modeling to predict

potential surface reactivation, it is important to map vegetation cover of less than 20%.

Buckley (1987) has shown that below 20% cover a wind velocity of 10 m/s at 0.5 m

height will begin to move sand, and that at 9% cover the sand transport rate is 65% of the

bare sand rate.

In northeastern Colorado (fig. 1) there exist several extensive dune fields with sand

derived from the South Platte River during the Holocene. The surfaces consist of single

and sometimes overlapping parabolic dunes that trend southeast, consistent with



prevailingwinds from the northwest. During the mid- to late Holocene,paleoclimatic

data suggestthat extensive droughtsremoved the stabilizing vegetation cover and

facilitatedsandmovement(WoodhouseandOverpeck,1998). Stratigraphicevidencein

northeasternColoradodocumentextensive,regionaleoliansanddepositionaround6 ka

(Jorgenson,1992). The key to stability of surfacesis vegetationcover, both above

groundand in the anchoringroot systemsbelow ground. The 1930's drought,while

severein its effect on the populationand farming in the central High Plains, palesin

comparisonwith the mid- to lateHoloceneclimatic conditions. The 1930's dustbowl

conditionswerenot severeenoughto kill off muchof thenaturalvegetationcoverand,as

a consequence,the sand dunesand sand sheetsexperiencedonly minor reactivation

(Muhs, 1998).Most of the dust andsandthat was transportedcame from tilled fields

without anysurfacecover(Wunder,1999).

In anongoingstudyto model thepotentialeffectsof a severedroughtin theHigh Plains,

we have concentratedour efforts on determiningthe potential of LandsatTM data to

provide accurateinformation on vegetationcover,both standing and dead, in the

sparsely-vegetated,sandysoilsregions(fig. 2). LandsatTM datahaveboth the spatial

resolutionandtemporalcoverageto facilitate vegetationcoveranalysis. However,there

is still the questionof how accurateTM dataarefor the measurementof both growing

and senescentvegetationin arid and semi-arid regions. AVIRIS providesboth high

spectralresolutionaswell ashigh signal-to-noiseratio andcanbeconsideredcapableof

providing as much information as is currently availableon surfaceconditions from

optical remotesensing. Therefore,we undertookto examinea nearly-simultaneously



acquiredsetof Landsat7 andAVIRIS (Airborne Visible/InfraredImaging Spectrometer)

data (Green et al, 1998), along with field spectral measurements, to determine the extent

to which the two image data sets can provide quantitative information on the amount of

photosynthetic vegetation and non-photosynthetic vegetation coveting the surface. This

paper addresses the question of reconciling measurements made by these diverse sensors.

Because AVIRIS scans +15 ° about nadir, bi-directional reflectance distribution function

(BRDF) effects will cause variations in the apparent reflectance of surface materials

depending on their location cross-track in the scene (Deering, 1989). In order to develop

an objective comparison with Landsat TM data, AVIRIS data must be corrected for

BRDF effects. In this paper, we followed the techniques of Kennedy et al (1997) and

made a further advance by making use of Landsat 7 data to normalize the AVIRIS scenes

since the AVIRIS swath width only subtends 0.8 ° in the TM data. We tested this step by

using two AVIRIS passes separately, one within 8 ° of the solar azimuth, to determine the

effect of normalization in mapping sparse vegetation cover across an AVIRIS image and

to provide a measure of BRDF over the full spectral range of AVIRIS.

Background

Comparison of airborne and spaceborne-acquired image data requires correction for the

BRDF effects caused by differing scan geometries and flight trajectories with respect to

the solar azimuth between the sensors (Diner et al, 1999; Deering et al, 1991; Middleton

et al, 1987). Both theoretical approaches (Kimes, 1983; Irons et al, 1992) and empirical

methods (Irons and Labovitz, 1982; Kennedy et al, 1997) can be applied.



Kennedy et al (1997) developedempirical methods to compensatefor cross-scan

gradientsin AVIRIS dataovera forestedregion in Oregonandtestedfour models,both

multiplicative andadditive. Their intentwasto applycorrectionsto AVIRIS imagedata,

taken nearly perpendicularto the solar azimuth, that would preservesubtle spectral

reflectancefeaturesthat could be used for foliar chemistryanalysis. The brightness

gradientsobservedin airborne and spacebomeimagesthat scan through significant

anglesaboutnadir are a combinationof a multiplicative BRDF and an additivepath

radianceeffect (Irons et al., 1991). Kennedy et al (1997) addressedthis questionby

calculatingcolumnmeansin eachof the 154bandimagesandfor eachband,plotting the

standarddeviationfor eachcolumnagainstthemean.A least-squaresregressionlinewas

fitted to eachset of 614 datapoints. A positive slopewith zero interceptindicateda

multiplicative or surfaceBRDF-imposedbrightnessgradient,while a zero slopewith

nonzerointerceptimplied an additiveor atmosphere-imposedgradient. Kennedyet al

(1997) found both additive and multiplicative behavior and that it was wavelength

dependent. However, by first classifying the surfacecover type they found strong

differencesin responseto view anglechangesamongclassesthatpointedto theBRDF of

thesurfaceasthedominantfactorcausingtheview angle-brightnesseffects.

The AVIRIS data from two flight lines nearBrush andRoggenin easternColoradoin

this studydiffered from theOregondata(Kennedyet al, 1997)in severalrespects.The

Coloradodataweretakenoverdry-farmedandirrigatedrow cropsandshort-grass-prairie

rangelandrather than forest. While the Oregon site containedmature and old-growth



coniferousforest,regrowingclearcutsandbaresoil, well distributedoverthewidth of the

scene,the Coloradocover typesarenot asuniformly distributed,leadingto biasesin the

brightnessgradientsderived from column means. In addition, the flightline with the

largestgradientwas oriented 51 ° off the solar azimuth while the Oregon flightline was

oriented 75 ° from the solar azimuth.

The near-simultaneous AVIRIS and Landsat 7 coverage of the area in eastern Colorado

provided a unique opportunity to quantify the BRDF effects in the 30 ° scan angle

provided by AVIRIS, normalized to Landsat that covered the area in only 0.8 ° scan

angle. In addition BRDF effects could be measured at wavelengths beyond the 1.0 _tm

cutoff of airbome and spacebome systems designed for BRDF measurements (Irons et al,

1987; Diner et al, 1999) and beyond the 1.6 lam cutoff of ground measurements (Deering

et al, 1990).

Data Acquisition and Processing

On July 10, 1999, AVIRIS data were acquired in northeastem Colorado to coincide with

the 11" 15 MDT overflight of Landsat 7. The Landsat solar zenith angle was 26 °. The

AVIRIS data were acquired one hour earlier between 10:09 and 10:24 MDT at which

time the average solar zenith angle was 39 °. Figure 3 shows the locations and

orientations of the two flight lines. The solar geometry is shown in Figure 4. Figure 5 is

a representative BDRF plot for a plowed field taken from Derring (1989) onto which the

AVIRIS scan directions and widths are plotted and shows that only a small portion of the

response curve is covered and that the changes can be expected to be roughly linear with



scanangle. Theoriginal figure sufficesfor illustrativepurposeseventhoughit was

plottedfor a65° solarzenithangleand662nm wavelengthwhile thezenithanglein this

studywasapproximately40°.

AVIRIS data were atmosphericallycorrected to apparentsurface reflectanceusing

ATREM (Gaoet al, 1993)andfurthercorrectedto thesurfacereflectanceaveragedfrom

100points within aplowed field in line FM03 (fig 6) takenat 12-12:30MDT whenthe

solarzenith anglewas19°. This correctionandnormalizationensuresthat correctionfor

watervaporis madeonapixel-by-pixelbasisthroughoutthe imagesandthaterrorsin the

model correction are removedthroughthe normalizationprocess. This normalization

does not correct for BRDF effects associatedwith different overflight times, or

illumination changesduring the AVIRIS underflight. For comparisonof Landsat7 to

AVIRIS data, Landsat 7 data were corrected for path radiance using dark object

subtraction(Chavez,1996)andcorrectedto reflectanceusingthe sameaveragespectrum

of the plowed field. AVIRIS datawere convolvedwith the bandpassesfor the six

Landsat7 reflectancechannelsin orderto be ableto makea direct comparisonbetween

thesensors(fig. 7)

Results

Applying the technique outlined by Kennedy et al (1997), downtrack or column pixel

averages were calculated for two, 512-line image cubes in each of the two flight lines.

The results are shown in Figures 8 and 9. The variance among individual columns is too

large to allow derivation of a slope corresponding to the average BRDF response. The



reasonis that the landcoveris not sufficiently homogeneouswithin an individual cube,

which representsapproximately100km 2 of the surface. Therefore, Landsat 7 data were

utilized to correct for the brightness variations associated with different surface cover

types.

Another key element to a viable comparison was accurate geometric registration. The

AVIRIS data are collected with the instrument hard-mounted to the ER-2 aircraft frame.

Yaw, pitch and roll attitudes measured with gyros are recorded along with GPS locations

to allow accurate photogrammetric reconstruction of the pixel locations (Boardman,

1999). The Landsat data were then registered to the geo-corrected AVIRIS data.

Because of the altitude of the Landsat sensor there was no perceptible BRDF effect in the

image data caused by this transformation. The original AVIRIS data with 18.6 m pixels

were then registered and resampled to the 30 m pixel Landsat ETM data using bilinear

interpolation. A better radiometric match between the sensors was obtained using

bilinear interpolation rather than cubic convolution. The bilinear resampling has little

effect on the radiometry for comparison between the two sensors because of the

considerably smaller AVIRIS pixels.

The AVIRIS data in the Landsat bands were ratioed to the registered Landsat data and the

result multiplied by the average Landsat value for the image in the respective bands.

Two AVIRIS scenes in each of the two flightlines were analyzed. Down-track averages

were taken at each sample and plotted cross-track as shown in Figure 10. The plots are

considerably smoother than without application of the Landsat normalization as seen in



Figures 8 and9. A linear least-squaresfit wasappliedto eachbandplot to calculatea

gain andoffset. Usingtheseslopes,themultiplicativecorrectionfactorsweregenerated,

onefor eachsample,necessaryto producea slopeof zero.Thesecorrectionfactorswere

appliedto the original AVIRIS scenesconvolvedto TM bandsto removemost of the

effectsof theBRDF.

Although the averageBRDF is useful for making a general correction to allow

comparisonof theAVIRIS andLandsatimages,eachsurfacecover typecanbeexpected

tohave a differentBRDF. Thesedifferencescanbeseenin the slightly different slopes

of the ratio plots for the differentAVIRIS scenes.In order to quantify the differences,

three surfacecover types found throughout the imageswere chosen; 1) greencrop

vegetation,either corn, sorghum or sunflowers,2) rangelandand 3) wheat stubble

remainingfrom harvestingthe previousweek. At eight pointsacross-track,a 30-sample

wide swathwasaverageddown-trackfor eachof the threecoverclassesin FM03. The

AVIRIS/Landsatratios for the coverclassesalongwith the averageBRDF from Figure

10areshownin Figure 11. Theslopesof theratiosarequite similar for eachof thecover

typesexceptfor greenvegetationin band1. The wavelengthdependenceof the BRDF

will bediscussedin moredetailbelow.

A further measureof the quality of the comparisonbetweenAVIRIS and Landsatdata

canbeseenby plotting eachof theregisteredpixels to determinereflectancecoincidence

in eachof the six spectralbands. The result is shownin Figure 12 for AVIRIS FM02,

scene9 without BRDF correction. FM02 exhibits lessthana 5% BRDF effectacross-



track asseenin Figure 10. Thereis significant scatteraboutideal45° line in the plot.

This scatter can result from BRDF, misregistration,sensorsystemnoise, sun angle,

shadowing,andatmosphericeffectsassociatedwith thetime differencein the overflight

betweensensors. In FM02 BRDF would not be the major causeof the scatter. The

slopesrangefrom 1.121in band1to 0.922in band7. Ideally theslopesshouldapproach

unity.

The effect of the BRDF is better demonstratedin flightline FM03 shown in the

uncorrectedscatterplotin Figure 13. The slopesrangefrom 0.865 in band 1, 0.936in

band2 to 0.833in band5. After BRDFcorrection,shownin figure 14,usingtheaverage

slopesplottedin figure 11,theslopesrangefrom 1.085in bandI to 0.851in band7.

In order to better identify the causesof the scatteraboutthe meanslopein eachof the

bands,imagesfrom both flight lineswith andwithout BRDF correctionaredisplayedin

Figures15and 16alongwith color-codedscatterplots. Along theleft sideof thefigures

areCIR images. Along the fight sideareimagescodedto showdeparturesfrom one-to-

one coincidencebetweenAVIRIS and Landsat overplottedon a band 4 image. Red

indicatesa highervalue in LandsatthanAVIRIS for the samepixel location,greenthe

inverseandgray,perfectcoincidence.In eachcasethelowerof the two imageshasbeen

correctedfor an averageBRDF effect shown in figure 10. In the FM02 images,the

BRDF correction is very small and consequentlyit appearsthat the departuresfrom

perfect coincidenceare associatedwith dune topographythat would indicate that sun

angleeffectsassociatedwith thedifferentimageacquisitiontimesarethecause.Grayin
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the image implies perfect coincidenceand the red and green colors appearwhen the

reflectancevalue departs approximately0.1% from the mean slope. Therefore, the

imageson the fight in the figuresshow very little gray. The red and greenpixel-sized

spotsaremost likely causedby systemnoise,includingencodingin Landsat,sincethe

ETM+ has a lower signal-to noiseratio andreducedencodingcomparedto AVIRIS.

Misregistrationdoesnotappearto beasignificantcauseof thescatter.

In line FM03 the BRDF effect is significantas shownin Figure 16. The uncorrected

imagesin thetop half of thefigureshowagradientacrosstheimage,morepronouncedin

the fight image,consistentwith a relatively brighterAVIRIS image in the backscatter

direction. The BRDF correctedimageshowscolors consistentwith departuresof the

BRDF behaviorof different surfacecovertypesfrom themeanBRDF function usedfor

correction. Again systemnoiseappearsto beamajorcauseof Scatter.

The scatterplotsin Figures12-14appearto demonstratesignificantdisagreementbetween

the LandsatandAVIRIS reflectancevalues. A differentrepresentationof thedatacanbe

made with a histogram of NDVI values for LandsatAVIRIS and BRDF-corrected

AVIRIS (figure 17). No significantdifferencesareevidentamongLandsatandthe two

versionsof AVIRIS eventhoughtherearevisiblespatialdifferencesin theCIR imagesin

figure 16. This implies an insensitivityin the NDVI as an index (Privette,et al, 1995,

Russellet al, 1995)andthefact thatthehistogramrepresentationdoesnot displaysmall

differences.
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The BRDF effects at full AVIRIS spectral resolution can be derived from the fact that

two intersecting flightlines were flown, one of which was close to the sun azimuth.

AVIRIS flightline FM02 was flown within 8.5 ° of the sun azimuth and from Figure 10 it

can be seen that the BRDF effect is less than 5% across the full swath. Therefore, it

should be possible to use reflectance values, invariant across the swath, to derive the

BRDF effect over the full spectral range for different cover types in FM03 where the

flightlines intersect. Flightlines FM02 and FM03 intersect in the southeastern comer of

the area covered (fig. 3). Images of the intersecting regions are superimposed in Figure

18. Four cover types are identified by yellow shapes, each on the west and east side of

the FM03 image. While the areas chosen do not contain identical cover, there is little or

no BRDF effect for the sites in line FM02. As seen in Figure 11, there is a general

decrease in apparent reflectance moving from west to east in FM03.

In Figure 19 we have plotted the ratios of the west/east sites for the four cover types. In

FM02, the departures from unity at all wavelengths are the result of differences in

spectral reflectance in the sites that are in the same class but not identical. The ratios for

FM03 incorporate the intraclass differences in reflectance as well as any spectral BRDF

effect. The differences in FM02 and FM03 at wavelengths short of 500 nm are dramatic.

In order to remove the intraclass spectral differences and identify spectral BRDF effects,

in Figure 20, ratios of FM03/FM02, west/east ratios were plotted for each of the four

classes in figure 19. At wavelengths greater than 700 nm the ratios range from

approximately 1.1 to 1.15, a small 5% difference. However, short of 700 nm the ratios

12



risedramatically,and in the caseof GreenCrops,theratio reaches1.6at 450 nm. The

effect is least for Wheat Stubble and greatestfor Green Crops that correspondto

reflectancesof 11.1% and 5.9% respectively. This result is consistentwith that of

Sandmeieret al (1999) for groundand aircraft measurementsthat show that BRDF

effectsare inversely relatedto reflectanceand areaffectedby canopyarchitectureand

leaf areaindex. However, the relationshipwith reflectanceis not consistentwith the

ratios observedat the bottom of thechlorophyll well at 680 nm and the greenpeakin

vegetationat550nm.

The ratios in figure 20 at 550 nm aregreaterthanat 680nm. The logical conclusionis

that increasedpath radianceis causingthe rise in theratios toward shorterwavelengths.

Therefore,a MODTRAN 4 modelwasrun for the conditionsat thetime of the AVIRIS

FM03 overflight to calculatethe relative scatteringeffectson the radiance of a 10%

reflectance,lambertianscattererover the 30° swathwidth. The effect is almostentirely

attributableto Rayleigh scatteringsince the measuredoptical depths were very low.

Figure21 showsthe resultsof ratioing the west/eastradiancevalues. The atmospheric

effectshavethe expectedbackscatter,however,the magnitudeis much smallerthan the

observedBRDF effects at wavelengthsshort of 500 nm. The differences observed

remainunexplained.

Conclusions

The comparison of AVIRIS data with Landsat data for analysis of the relative merits of

each in mapping sparse vegetation cover requires attention to a variety of factors that can

13



causeerrors. A primaryconsiderationis registrationthat requiresthat the AVIRIS data

be correctedfor pitch, roll, and yaw with accurateknowledge of both position and

attitudederivedfrom 3-axisgyrosplacedon theinstrument.

WhenLandsatandAVIRIS imagesareregistered,theprime differencesareattributable

to BRDF effectsassociatedwith the 30° scanangleof AVIRIS and by differencesin

imageacquisitiontimesandsunangles.BRDF effectscausedby theAVIRIS scanangle

canbederivedfor Landsatbandsby normalizingtheAVIRIS datawith Landsat7 values

since the AVIRIS swath width only subtends0.8° in the Landsat data. This

normalizationcreatesa bettercorrelationbetweenthe valuesfrom the two sensorsbut

therearestill significantdifferencesasseenin thescatterplots. When thescatteris made

visible in color differenceplots, the main factor appearsto be random systemnoiseas

well asdifferential shadowingassociatedwith thedifferent imageacquisitiontimes.

Another methodfor derivingBRDF effectsfor AVIRIS wasdemonstratedby comparing

thefull spectraof four differentcovertypesin overlappingregionsof two flightlines,one

nearly in line with the solar azimuth and one approximately55° to the azimuth. By

choosingareasspanningthewidth of the latterflightline, but nearlyalongtheflightline in

the former, BRDF effectscould bequantified. For eachof the surfacecover types,the

backscattereffectwasreadily observedto be strongestat wavelengthsshortof 700 nm.

Atmospheric spectralscatteringeffectscontributeto the causeof the dramaticrise at

short wavelengthsin thereflectanceratio of sitesfrom the westernandeasternedgesof

line FM03 that had alreadybeennormalizedfor intraclassdifferences.However, the

14



magnitudeof thebackscattereffectis problematicanddoesnot fit currentmodelsfor the

origin of theeffect.

This studyhasshownthat it is possibleto compareairbornehyperspectraldata from a

sensorsuchasAVIRIS with Landsat.However, the aircraft datamust be correctedfor

BRDF effectsassociatedwith a wide scanangle that coversa swaththat subtendsless

than 1° in theLandsatscene.Landsatdatacanbe usedto normalizereflectancedatain

individual AVIRIS imagesmakingit possibleto accountfor theBRDF of scenesthat are

heterogeneous,wherecolumnaveragingto obtaintheBRDF is not applicable.
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Figure Captions

Figure 1. Landsat 5 TM CIR image of the Fort Morgan dune field in northeastern

Colorado showing destabilized soils in a pivot-irrigated field.

Figure 2. The High Plains consists of approximately 800,000 sq. km extending from

South Dakota to Texas. The 100,000 sq. km of Holocene sandy soils are shown in gray
and extend through 32 Landsat scenes in the study region.

Figure 3. Location map for the AVIRIS underflights. Images are from the 15 m pan

band 8 of the Landsat 7 ETM+. The left inset shows the Roggen, CO vegetation cover

test site and a view from the ground. The fight inset shows the ground spectral
reflectance test site, a plowed field, near Brush, CO.

Figure 4. AVIRIS underflight tracks in northeastern Colorado. Track FM02, is

aligned within 8.5 ° degrees of the solar azimuth. Track FM03 is aligned 51.1 ° clockwise
from the solar azimuth.

Figure 5. A typical BRDF plot for a plowed field showing the two AVIRIS

flightlines and their relationships to the full BRDF response. The BRDF effects discused

in this paper are relatively minor. After Deering (1989)

Figure 6. ATREM-corrected AVIRIS data for a plowed field near Brush, Colorado.

The field spectrum is an average of 100 spectra taken between 12 and 12:30 PM MDT on

the day of the overflight over a 50 x 100 m segment of a plowed field.

Figure 7. Landsat bandpasses and their center positions on AVIRIS spectra of soil
(top) and green vegetation (bottom).

Figure 8. Column sums for two AVIRIS scenes in flightline FM02 in each of the

Landsat bands. The scenes are too heterogeneous to provide information about average
brightness variations associated with BRDF effects across the scene.

Figure 9. Same as figure 8 for flightline FM03.

Figure 10. Flightlines shown in figures 8, 9 that have been corrected for reflectance
variations using coregistered Landsat 7 data.

Figure 11. BRDF responses in FM03 obtained by classifying the images into 3

classes and averaging the Landsat corrected average brightness in 8-30 pixel wide

columns. The solid circles show the average of all pixels in the 30 pixel wide columns.

Figure 12. Scatterplots of Landsat vs. AVIRIS pixel values in each of the Landsat 7
bands in flightline FM02.
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Figure 13. Scatterplot of Landsat vs. AVIRIS pixel values in each of the Landsat 7
bands in flightline FM03.

Figure 14. Same as figure 13, but corrected for BRDF from figure 11.

Figure 15. a) CIR of an AVIRIS scene in FM02; b) Band 4 plot of Landsat vs.

AVIRIS identical to figure 12 with all Landsat values higher than AVIRIS values plotted

in red and those less in green; c) The colors in b plotted over a band 4 b&w image. The

reflectance difference at the red-green boundary is 0.1%. d) BRDF corrected CIR from a;
e) BRDF-corrected version of b; f) BRDF-corrected version of c.

Figure 16. a) CIR of an AVIRIS scene in FM03; b) Band 4 plot of Landsat vs.

AVIRIS identical to figure 12 with all Landsat values higher than AVIRIS values plotted

in red and those less in green; c) The colors in b plotted over a band 4 b&w image. The

reflectance difference at the red-green boundary is 0.1%. d) BRDF corrected CIR from a;
e) BRDF-corrected version of b; f) BRDF-corrected version of c.

Figure 17. Histogram of NDVI for the entire AVIRIS FM03 flightline as calculated
from Landsat data coveting the same area, from AVIRIS and the BRDF-corrected
AVIRIS.

Figure 18. AVIRIS CIR images of the area of intersection of flightlines FM02 and

FM03. The numbered areas correspond to four different cover types chosen to span the

FM03 flightline and, therefore, exhibit the greatest BRDF effects. 1) Rangeland; 2)

Wheat Stubble; 3) Conservation Reserve Program (CRP) land; 4) Irrigated Green Crops.

Figure 19. Ratios of AVIRIS spectra from both FM02 and FM03, taken West/East,

for each of the 4 different cover types identified in Figure 18. The strongest BRDF or

atmospheric effects are evident at the shortest wavelengths.

Figure 20. Ratios of the ratio spectra from Figure 19, FM03/FM02 for the 4 different

cover types. The ratios remove the effect of intraclass differences in the cover types.

Figure 21. Ratio of the radiances of a hypothetical 10% reflectance lambertian

surface situated on the west and east edges of the FM03 flightline calculated using
MODTRAN4 at 15 cm -1 resolution.
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